Low socioeconomic status (low SES), as defined by income or educational attainment, has been associated with obesity in industrialized nations. Low SES persons have limited resources and may experience food insecurity that increases food reinforcement. Food reinforcement has been positively related to energy intake and weight status, and increased food reinforcement may explain the higher prevalence of obesity among low SES individuals who have restricted access to low-energy-dense foods and non-food reinforcers. We measured annual household income, highest education level completed and food reinforcement in 166 adults of varying body mass index (BMI, kg/m 2 ). Multivariate linear regression analyses controlling for age, sex, minority status, session hunger and the reinforcing value of non-food alternatives showed that household income was related to food reinforcement (p = 0.048) and BMI (p = 0.019), and that food reinforcement was related to BMI (p = 0.0017). Path analyses revealed a significant indirect effect of household income on BMI through food reinforcement, suggesting that the relationship between lower household income and greater BMI was mediated in part by increased food reinforcement. A similar pattern of results was observed when education level was used as the proxy for SES. These findings support the hypothesis that deprivation and restricted food choice associated with low SES enhance food reinforcement, increasing the risk for obesity.
Introduction
Low socioeconomic status (low SES), as defined by income or educational attainment, has been associated with obesity in industrialized nations (1) . While there have been steady increases in the prevalence of overweight across all socioeconomic classes, the highest proportions are still found amongst the most disadvantaged groups (2) . The mechanism of association between low SES and obesity has yet to be elucidated, but a potential explanation is that low SES environments increase food reinforcement and promotes excessive energy intake. Understanding this pathway could help inform public policy directed at eliminating social disparities in obesity prevalence.
Reinforcement refers to the capacity of a stimulus to increase the frequency of a preceding behavior, and can be quantified by the amount of effort participants would expend for access to the stimulus. Disparate stimuli vary in reinforcement, and these differences are thought to shape choice among concurrently available alternatives (3) . Food is a powerful reinforcer, and elevated food reinforcement has been associated with greater energy intake (4) and weight status (5) . Thus, food reinforcement could guide decisions on when, what and how much to eat. Food reinforcement may be influenced by several life circumstances associated with low SES. In particular, low SES individuals may experience enhanced food reinforcement stemming from restricted access to or concerns about acquiring nutritionally adequate amounts of food, or food insecurity (6) . Both actual and perceived deprivation increases food reinforcement (7) . In addition, while acute deprivation increases food reinforcement for the next eating bout (8) , chronic deprivation leads to neurochemical changes that increases food reinforcement even when food later becomes plentiful (9) . These findings are in accordance with studies demonstrating that food insecurity is associated with obesity (6) , and that childhood exposure to poverty is associated with assignment of psychological significance to food, binge eating, and obesity (10) .
Furthermore, low SES people may experience greater food reinforcement because they have limited access to non-food reinforcers. Low SES neighborhoods have fewer physical activity facilities, and those that are available are often not safe to use (11) . Many structured recreational activities (e.g. receiving music lessons) that are less compatible with eating are also more costly than sedentary activities (e.g. watching television) that tend to be accompanied by snacking behavior (12) . Eating represents a choice among many behaviors, and when non-food reinforcers are harder to obtain than food reinforcers, preferences may be shifted toward eating (3) . In support of this argument, low SES has been related to overweight through increased sedentary behaviors (13) , and increased frequency of sedentary behaviors have been associated with greater energy intake (14) .
Moreover, low SES neighborhoods often have fewer supermarkets and are primarily supplied by non-chain convenience stores poorly stocked in fruits and vegetables (15) . Food at these locations are frequently more expensive than the same food at chained supermarkets (15) , encouraging patrons to purchase and consume high-energy-dense, nutrient-poor foods that are typically more affordable than low-energy-dense, nutrient-rich foods (16) . Consistent with these observations, the prevalence of obesity is lower in areas with supermarkets and higher in areas with small grocery stores or fast-food restaurants (17) , and low SES people consume more fat as well as fewer fruits and vegetables than high SES peers (18) . Notably, research suggests that regular consumption of palatable foods high in sugar and fat increases food reinforcement (19) .
Collectively, these data suggest that low SES environments enhance food reinforcement and increase obesity risk. SES is a multidimensional construct that has been difficult to conceptualize in health research (20) , but income and education level are two commonlyused indices of SES that have each been inversely associated with obesity (1) . As an initial test of our hypothesis that greater food reinforcement may explain the relationship between low SES and obesity, we examined whether food reinforcement statistically mediated the effects of income or education level on BMI in 166 adults of varying body mass index (BMI, kg/m 2 ).
Methods and Procedures

Participants
Full details of the study design have been reported elsewhere (4) and are summarized below. Participants were recruited for a study of genetic factors associated with food reinforcement from an existing family database, newspaper ads, flyers posted around the University at Buffalo campuses and in community settings, web-based sources (e.g. ads on Craig's list and on the department's website), and direct mailings targeted to community residents between the ages of 18-50. Exclusion criteria included medications influencing appetite, tobacco use, diabetes, current or past history of an eating disorder or a psychiatric disorder (e.g. anxiety, depression, attention deficit hyperactivity disorder), allergies to the study foods, current dieting, pregnancy, or low liking of more than two of the six study foods (<4 on a 9-point Likert-type scale). Of the 1387 individuals who were screened, 273 were eligible and agreed to participate. The analytic sample consisted of 166 of the 273 participants who were studied (47 non-obese females, 32 non-obese males, 37 obese females, 51 obese males). Participants with missing income (n = 2) or session hunger (n = 1) data were excluded from analysis. Current students (n = 94) and homemakers (n = 10) were also excluded from analysis, since their income or education level may not accurately reflect their SES (21) . The study was approved by the University at Buffalo Health Sciences Institutional Review Board. Participant characteristics are shown in Table 1 .
Procedures
Participants visited the laboratory for two sessions. They first completed an ad libitum snack-eating task to identify their favorite high-energy-dense snack food, and then a computerized choice task 2-3 weeks later to measure their food reinforcement. Prior to both sessions, participants were asked to refrain from consuming anything other than water for ≥ 3 hours and to not consume the experimental foods for ≥24 hours. Upon arrival at the laboratory, participants completed multi-pass dietary recalls to verify adherence to study protocol. Participants were then provided a choice of three isocaloric (150 kcal) energy bar preloads to standardize homeostatic hunger and increase the ability to demonstrate individual differences in food reinforcement (22) . Demographic information and anthropometrics were obtained at the end of the ad libitum eating session.
Session hunger-Subjective ratings of hunger during the food reinforcement task were collected before and after consumption of the preload using a Likert-type scale, with 1 indicating not at all hungry and 10 indicating extremely hungry. In all analyses, session hunger refers to the self-reported hunger scores following consumption of the preload.
Ad libitum snack-eating task-The ad libitum snack-eating task was presented as a taste test (4) . Participants were provided 210-305 kcal (42-60 g) servings of six highenergy-dense snack foods (amount of food presented (g) and energy density (kcal/g) shown in parentheses): Wavy Lay's Potato Chips (57 g, 5.4); Cooler Ranch Doritos (56 g, 5.4); M&M's (60 g, 5.0);Twix (48 g, 5.0); Kit Kat (42 g, 5.0); and Butterfinger (57 g, 4.5). Water was provided ad libitum. Participants were told that they could eat as much or as little as they wanted, but to at least try the foods so that they could accurately rate them on various characteristics (pleasantness, sweetness, blandness, flavorfulness, and bitterness) using 9-point Likert-type scales. After rating the foods, participants were given several dietary habits questionnaires to complete. They were also told that the foods will be discarded after the session, so they were free to continue eating. When participants indicated that they were finished, they were asked to identify their favorite food among the six items available and told that it would be used in the food reinforcement test session.
Food reinforcement task-The food reinforcement task was implemented as a computer game with two stations. Participants responded by pressing a mouse button, and earned a point each time they met the schedule requirement (i.e. 4, 8, 16, 32 , 64 responses and etc.). The reinforcing value of food (food reinforcement) and non-food alternatives were assessed by measuring the total number of responses participants made for each type of reinforcer on concurrent, progressive fixed-ratio schedules of reinforcement. At one station, participants received a 70-101 kcal portion of their favorite high-energy-dense snack food for every five points earned. At the other station, participants received 2 minutes of time to spend toward alternative activities (reading Time/Newsweek magazines or completing crossword puzzles/ word searches) for every five points earned. The non-food alternatives were provided to reduce the likelihood that participants responded for food due to constrained choice, and were intended to be activities that: 1) are not novel to the participants, 2) are not so highly salient such that people do not respond for food in a concurrent choice scenario, 3) do not directly influence energy balance (e.g. physical activity) and 4) are not frequently associated with eating (e.g. television-watching). Participants were instructed to perform one activity at a time (i.e. play the computer game, eat or work on the alternative activities), and were told that the session would end whenever they no longer wished to earn points for food or for time to spend toward the alternative activities. Water was available ad libitum, and participants were given unlimited time to complete each response schedule. The test-retest reliability of the food reinforcement task has been previously demonstrated (5) .
Body Mass Index-The participant's weight and height were measured using a digital scale (TANITA Corporation of America Inc, Arlington Heights, IL) and a digital stadiometer (Measurement Concepts & Quick Medical, North Bend, WA). Body mass index (BMI) was then calculated according to the following formula: BMI = kg/m 2 .
Demographics-Information about annual household income in USD (available categories: ≤$9,999; $10,000 -$29,999; $30,000 -$49,999; $50,000 -$69,999; $70,000 -$89,999; $90,000 -$109,999; $110,000 -$139,999; $140,000 -$179,999 and $180,000 -$199,999, ≥$200,000), highest education level completed (available categories: Less than seventh grade; Junior high/9 th grade; Some high school/10 th or 11 th grade; High School; Some college or vocational training; Completed a 2-year college degree; Completed a 4-year college degree; Completed graduate degree) and minority status (Caucasian/non-Caucasian) was collected using a standardized questionnaire.
Analytic Plan
The goals of the analyses were to assess whether income or education level was related to BMI and whether food reinforcement mediated these relationships. Category midpoints were used to create a continuous measure of income. Education level was coded as a fivecategory ordinal variable (high school or less; some college or vocational training; completed 2-year college degree; completed 4-year college degree; completed graduate degree). Mediation models were tested using multivariate linear regression, controlling for age, sex, minority status, session hunger and the reinforcing value of non-food alternatives as covariates. The relationship between income and BMI was first evaluated. If there were a significant total effect of income on BMI, the size and significance of the indirect effect of income on BMI through food reinforcement was then estimated by the product of the regression coefficients of the predictive variables from the income → food reinforcement and the food reinforcement → BMI paths (23) . Confidence intervals were constructed from 10,000 bootstrap resamples of the data (of the same size as the original study population, with replacement) and implemented via a macro developed by Preacher and Hayes (23) . We present three ways to interpret the indirect effect of the independent variable (income or education level) on the dependent variable (BMI) through the mediator variable (food reinforcement). First, the indirect effect is significant if the bootstrapped 95% confidence interval does not contain zero. Second, the magnitude of the indirect effect reflects the estimated change in the dependent variable through effects of the mediator variable per a unit change of the independent variable (24) . Third, the proportion of the total effect explained by the indirect effect will be quantified by the effect ratio (indirect effect divided by the total effect) (25) . An analogous set of analyses was conducted using education level as the proxy for SES. The bivariate relationships among household income, education level, session hunger and the reinforcing value of non-food alternatives were evaluated using Pearson product-moment correlations. Data were analyzed using SYSTAT 11 (Systat Software, 2004) and SAS 9.2 (SAS Institute Inc., 2008).
Results
Multivariate linear regression analyses controlling for age, sex, minority status, session hunger and the reinforcing value of non-food alternatives showed that income was related to BMI (b = −0.37, p = 0.019, Figure 1A ) and food reinforcement (b = −46.32, p = 0.048, Figure 1B ), and that food reinforcement was related to BMI (b = 0.0041, p < 0.001, Figure  1E ). Path analyses revealed a significant indirect effect of income on BMI through food reinforcement (estimate = −0.068, 95% CI = −0.23, −0.0017), suggesting that food reinforcement is a partial mediator of the relationship between income and BMI (Table 2) . Specifically, BMI is expected to decrease by 0.068 units for every $10,000 increase in annual household income, if only the indirect effect through food reinforcement were considered. Based on the effect ratio, food reinforcement explained 19% of the association between income and BMI.
Education level was also related to BMI (b = −0.94, p = 0.041, Figure 1C ) and food reinforcement (b = −137.07, p = 0.049, Figure 1D ). Path analyses revealed a significant indirect effect of education level on BMI through food reinforcement (estimate = −0.21, 95% CI = −0.71, −0.010), such that BMI is expected to decrease by −0.097 units per year increase in education level, if only the indirect effect through food reinforcement were considered (Table 2) . Based on the effect ratio, food reinforcement explained 10% of the association between education level and BMI. Income was related to education level (r = 0.41, p < 0.001). Neither income nor education level was related to session hunger or the reinforcing value of non-food alternatives. Session hunger was not related to the reinforcing value of non-food alternatives.
Discussion
We have shown for the first time that SES, as defined by income or educational attainment, is inversely related to food reinforcement, and that elevated food reinforcement partially mediates the association between lower SES and greater BMI. These results provide a novel theoretical approach for understanding the relationship between low SES and obesity. Low SES persons with limited financial resources may experience greater food reinforcement due to food insecurity (7-9) and lack of non-food reinforcers (11) . Reduced access to lowenergy-dense foods (17) then predisposes them to binge on high-energy-dense foods whenever they have the means, further enhancing food reinforcement (19) . Since low SES individuals have tight budget constraints, bingeing now exacerbates food insecurity later, perpetuating a feast-famine cycle associated with greater liking of high-energy-dense foods, increased adiposity, decreased lean muscle mass and poor glycemic control. (26) In our sample, participants with the lowest household income were expected to be 1.05 BMI units heavier than participants with the highest household income, while the lowest-educated participants were expected to be 0.92 BMI units heavier than the highest-educated participants, if only the indirect effects of these factors on BMI through food reinforcement were considered. These differences would be equivalent to a 3.7-4.2% change in an individual with a BMI of 25. Given that moderate weight loss (5-10% of current body weight) has been shown to improve metabolic indicators and to reduce the risk of cardiovascular events in overweight individuals (27) , attenuating the effect of SES on food reinforcement could have clinically significant implications.
Food reinforcement may explain why current nutritional assistance programs have not improved dietary quality and may actually have increased obesity risk among low SES populations (28) . Behavioral choice theory conceptualizes that food choice depends on the absolute reinforcing value of the food (i.e. the sensory and psychological properties of the food that motivate people to eat) and the accessibility of other foods (3). Nutritional assistance benefits improve access to healthier low-energy-dense options, but people tend to find high-energy-dense foods more reinforcing (29) , and chronic deprivation characterized by food insecurity may enhance this preference (8) . Food subsidies have been shown to increase purchasing of both high-energy-dense and low-energy-dense foods in laboratory studies (30) . Thus, interventions that simultaneously make high-energy-dense foods less accessible and low-energy-dense foods more accessible, such as a combination of taxes and subsidies (30) may be necessary to promote healthier food choices. In addition, since food reinforcement is influenced by the availability of non-food reinforcers, and a considerable proportion high of-energy-dense snack foods are consumed during sedentary activities (12), another promising approach could involve reducing access to sedentary behaviors while increasing access to physical activity (31) . Strategies that lower the energy content of foods without influencing their palatability or enhance the sensory characteristics of low-energydense foods may complement these efforts (32) . Furthermore, though we are unaware of any systematic research that has successfully modified the absolute reinforcing value of food in humans, we speculate that methods of reducing drug craving -such as extinguishing cuereinforcer memories (33) -may be adapted to lower food reinforcement in obese individuals.
Our study had several limitations. First, information on family size and sources of income was not collected. However, failing to adjust household income for family size and/or receipt of nutrition assistance should only bias associations toward the null; participants would appear to have greater disposable income than they otherwise would. Second, the sample was not recruited to balance the percentage of participants from each educational level, and did not include people from the lowest education levels (all participants graduated from secondary school and 42.7% of participants completed 4-year college). The restricted variance in education level may have led to underestimation of the relationships among education level, food reinforcement and BMI. Third, food reinforcement was not assessed in the context of a wide variety of non-food alternatives. People find different activities reinforcing, and the non-food alternatives provided in this study (reading Time/Newsweek magazines or completing crossword puzzles/word searches) may not reliably substitute for eating in some persons. In the current study, participants worked harder for non-food alternatives than for food, suggesting that these activities were salient reinforcers. Moreover, the choice of non-food reinforcers was unlikely to have influenced the pattern of results observed, as the reinforcing value of reading was not related to household income or education level and was entered as a covariate in all analyses. However, providing a variety of non-food reinforcers (e.g. access to social media, music, videos and entertainment magazines) may improve the external validity of the food reinforcement measure and should be considered in subsequent studies. Fourth, other constructs related to eating, such as hedonic hunger (34), were not examined. It would be interesting to determine whether other eating behavior phenotypes may also mediate the relationship between SES and BMI. Lastly, while we hypothesized that low SES individuals have restricted access to healthier foods and non-food reinforcers, we did not directly evaluate access to chained supermarkets and physical activity resources. Further inquiry into whether the built environment influences food reinforcement is warranted.
In summary, we argue that the ecological and economic circumstances experienced by low SES individuals -including restricted access to low-energy-dense foods, lack of alternatives to eating, and chronic deprivation -augments food reinforcement while promoting unhealthy food choices. Greater food reinforcement then leads to positive energy balance and weight gain. Future research should verify the proposed pathway and identify other factors related to low SES that may interact with food reinforcement to increase obesity risk. Implementing interventions that target food reinforcement or its moderators to promote healthy eating behavior in an obesogenic low SES environment would be a true innovation in weight control and health disparities research. Relationships among household income, highest education level completed, food reinforcement and BMI. Multivariate linear regression analyses controlling for the effects of age, sex, minority status, session hunger and the reinforcing value of non-food alternatives revealed that income predicted BMI (b = −0.37, p = 0.019, Figure 1A ) and food reinforcement (b = −46.32, p = 0.048, Figure 1B) , education level predicted BMI(b = −0.94, p = 0.041, Figure 1C ) and food reinforcement (b = −137.07, p = 0.049, Figure 1D ), as well as that food reinforcement predicted BMI (b = 0.0016, p = 0.0017, Figure 1E ). To graph the relationships, income and education level were categorized by tertiles while food reinforcement was dichotomized by a median split. Group differences were then assessed using one-way analysis of variance. b Of the 41 non-Caucasian participants, 1 self-identified as "Asian/Pacific Islander", 31 as "Black/African American", 4 as "Hispanic" and 7 as "More than one race".
c Reinforcing value of food (food reinforcement) was measured by the total number of responses participants made for food in a computerized choice task.
d Reinforcing value of non-food alternatives was measured by the total number of responses participants made for reinforcers other than food in a computerized choice task. Table 2 Summary of simple mediation models assessing the indirect effect of food reinforcement on the relationship between socioeconomic status and BMI. c BCa = bias-corrected and accelerated 95% confidence intervals obtained from 10,000 bootstrap resamples. Confidence intervals not containing zero suggest that the indirect effect is significant at the 0.95 level.
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d Effect ratio = indirect effect/total effect. The effect ratio quantifies the proportion of the total effect explained by the indirect effect.
